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Emission factorsThis study shows the results obtained from emission and air dispersion modelling of acetaldehyde in the city of
Oslo and associated with the circulation of bioethanol vehicles. Two scenarios of bioethanol implementation,
both realistic and hypothetical, have been considered under winter conditions; 1) realistic baseline scenario,
which corresponds to the current situation in Oslo where one bus line is running with bioethanol (E95; 95%
ethanol–5% petrol) among petrol and diesel vehicles; and 2) a hypothetical scenario characterized by a full im-
plementation of high-blend bioethanol (i.e. E85) as fuel for transportation, and thus an entire bioethanol ﬂeet.
The results indicate that a full implementation of bioethanol will have a certain impact on urban air quality
due to direct emissions of acetaldehyde. Acetaldehyde emissions are estimated to increase by 233% and concen-
tration levels increase up to 650% with regard to the baseline.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Climate change is one of the largest challenges at present and will be
in the future. Reducing CO2 and other greenhouse gas (GHG) emissions
from transport is crucial and the use of biofuels is an alternative to emis-
sion reductions. The European Renewable Energy Directive aims to
achieve 20% renewable energy by 2020 and a minimum target of 10% of
the energy to be used for transport. Further on, the Fuel Quality Directive
(FQD) evokes the life cycle reduction of GHG emissions for all fuels with
target of 6% cut. This could be done in several ways, but the use of more
biofuels is pervasive. The sustainability criteria in the FQDwill encourage
in addition that these biofuels are produced in sustainable manners and
once this criteria is met, the target value will likely be increased. Most
EU member states already have some percentage of biodiesel and/or
bioethanol in diesel or petrol fuels. In Norway for instance standard 95
octane petrol contains up to 7% bioethanol and for diesel the share is up
to 10% biodiesel blend.47 63898050.
. This is an open access article underThe use of bioethanol as fuel for transportation became popular
around the 1980s in many countries such as Brazil, United States or
Sweden. Its production has increased worldwide in the last decade
from17.3 billion litres in 2000 to over 46 billion litres in 2007, and a pro-
duction over 125 billion litres is estimated for 2020 (Balat and Balat,
2009). Bioethanol can be a ﬁrst or second generation product depending
on the feedstock used, which ranges from the fermentation of raw
materials such as starch-containing (e.g. corn, wheat), sugar-containing
(e.g. beet and cane) to cellulose-containing (e.g. wood) plants. When
used as fuel for transportation, bioethanol is commonly blended with
petrol in different proportions, from 90% petrol and 10% ethanol, referred
to as E10, to 15% petrol and 85% ethanol (i.e. E85), in which case modiﬁ-
cations need to be applied to the vehicle (i.e. Flexi-Fuel Vehicles; FFV).
The advantages and disadvantages associated with the production
and combustion of bioethanol have been addressed by several studies,
and many uncertainties are still not solved. Among the advantages, re-
duction of GHG emissions and sustainability (Scacchi et al., 2010), and
enhancement of the agriculture sector in speciﬁc areas have been
highlighted. However, disadvantages have also been pointed out, such
as the controversy associated with the use of food-based bioethanol,the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Gaffney and Marley, 2009; Anderson, 2009). One of the main issues
associated with alcohol fuels is that they oxidise to aldehydes, hazard-
ous pollutants and precursors of strong oxidants such as ozone and
peroxyacetyl nitrate (PAN). Thereby the ethanol molecule (C2H5OH)
oxidises to acetaldehyde (CH3CHO) while methanol will oxidise to
formaldehyde. Thus, bioethanol fuelled vehicles may contribute to
urban pollution through emissions of unburned ethanol, acetaldehyde
and acetic acid (CH3COOH) as an oxidation product of the former one.
A previous study carried out in Oslo showed that the use of high
bioethanol blend (E95) as fuel for buses can have an adverse impact
on urban air quality (López-Aparicio and Hak, 2013). Acetaldehyde
and acetic acid were identiﬁed as of concern based on ambient
and on-line measurements during driving conditions of an E95 bus.
Acetaldehyde was 1) measured at very high levels in the exhaust of
an E95 bus (N150 ppm), 2)measured at higher ambient concentrations
at locations exposed to the E95 buses than those not exposed, and 3)
estimated to be above the threshold limit value at a close distance to
the bus. Although these results contributed to the understanding of
emissions frombioethanol combustion, additional research is still needed
to establish the potential impact at urban scale, especially by means of
modelling techniques.
To our knowledge very few studies modelled air pollutant concentra-
tion associated with emissions from alternative fuels such as bioethanol.
Jacobson (2007), for instance, modelled ozone exposure associated with
a change scenario from petrol to E85 in the United States in 2020, and
concluded that ozone-related mortality would increase by 9% in Los
Angeles and by 4% in the Unites States. Likewise, Cook et al. (2011) con-
cluded that ozonewould increase overmuch of theUnited States because
of ethanol use, and increase dramatically under winter conditions. Fridell
et al. (2010) estimated emissions considering two fuel scenarios, petrol
vehicles versus E85 vehicles, in a Swedish county (i.e. Västra Götaland)
and concluded that the health risk decreases in the E85 scenario com-
pared to petrol due to decreasing NOx exposure, although emissions of
acetaldehyde were estimated to increase by 770%. Ginnebaugh and
Jacobson (2012) studied the impact associated with a substitution of
petrol vehicles by E85 on ozone production under winter and summer
conditions. They emphasized the pollution enhancement associated
with E85 at low temperature.
Most of themodelling studies have been performed at regional scale
and focussed on the end product of bioethanol emissions as increased
ozone concentration, and possible health risk consequences therein.
However, emissions and concentration of acetaldehyde need to be eval-
uated as it is suspected carcinogenic and respiratory toxic in addition to
contributing to the formation of ozone and PAN. Acetaldehyde is rela-
tively stable under winter conditions and cold climate; the tropospheric
lifetime of acetaldehyde has been reported to be of about 11 h, 17 days
and 5 days in the presence of OH radicals, NO3 radicals and sunlight,
respectively (Seinfeld and Pandis, 2000). In US cities for instance the
residence time of acetaldehyde is reported to be on the order of hundreds
to thousand hours in winter and tens of hours in summer (Ligocki and
Whitten, 1991). Similarly, acetaldehyde lifetimes of about 15 days in
the winter months and less than half a day in the summer were consid-
ered by Fridell et al. (2010) based on the reaction with OH radicals
using OH mean concentrations from EMEP simulations (The European
Monitoring and Evaluation Programme).
Our study evaluates the results obtained by means of air dispersion
modelling at urban scale (i.e. Oslo), which has been applied to estimate
acetaldehyde emissions and concentration in the urban area and associ-
atedwith combustion from bioethanol vehicles. Two different scenarios
have been considered underwinter conditions; 1) a baseline casewhich
represents the realﬂeet situation (i.e. petrol and diesel vehicles, and one
bus line which runs with E95); and 2) scenario characterized by a full
implementation of high blend bioethanol as fuel for transportation
(i.e. light and heavy duty vehicles running on E85; 85% bioethanol and
15% petrol), and from now on named E85-ﬂeet scenario in this study.2. Methodology
2.1. Scenario description
The air dispersion modelling has been carried out for the two
scenarios (i.e. baseline and E85-ﬂeet scenarios) under winter conditions,
and covering Oslo city and part of the municipality of Bærum. The base-
line represents the current situation with updated information on vehi-
cle ﬂeet and trafﬁc numbers. Regarding the light duty vehicles (LDVs),
about 60% are running on diesel and the rest on petrol. Concerning bus
transport, one bus line runs with high-blend bioethanol (i.e. E95) and
over 70% of the buses in Oslo are running on standard or B7 diesel (i.e.
up to 7% biodiesel) all year around. During summer season, 22% of the
buses run on B30 or B100, whereas they run on B7 during winter season.
Hence, over 92% of the buses are running onB7 duringwinter conditions.
In the baseline scenario we have therefore assumed all buses, except the
bioethanol (E95) bus line, to run onnormal diesel fuel just as other heavy
duty vehicles (HDVs) do. The E85-ﬂeet scenario involves that all vehicles,
both LDV and HDV, run on a high blend bioethanol fuel (i.e. E85).
Winter season has been selected as it represents the time period
when pollutant concentrations are highest in Oslo due to unfavourable
dispersion conditions, especially during cold periods with thermal
inversion and stable atmosphere. Moreover, signiﬁcantly higher emis-
sions of acetaldehyde and other compounds have been reported for
E85 than for petrol at low temperature conditions (Whitney and
Fernandez, 2007; Westerholm et al., 2008; Ginnebaugh et al., 2010),
thus the largest possible effect on urban air quality is expected to be
found in winter. Additional emission and dispersion calculations have
been performed using the meteorological conditions corresponding to
May 2010, for 1) comparison with indicative measurements published
elsewhere (López-Aparicio and Hak, 2013) and 2) discussion purposes.
2.2. Dispersion and emission modelling
Acetaldehyde has been assumed to behave as an inert component
inside our model domain based on its lifetime at winter temperature
conditions, and therefore implications for ozone and/or PAN formation
are not considered in this study.
An air quality integrated modelling system (AirQUIS; Oftedal et al.,
2004) developed by NILU — Norwegian Institute for Air Research, was
selected for the modelling activities. It uses meteorological ﬁeld deter-
mined using observedmeteorology combinedwith themass conserving
windﬁeld interpolationmodelMC-WIND. In our study themeteorology
input data is from the observation site Valle Hovin for the year 2009. The
dispersion model used is EPISODE on a 1 × 1 km2 grid resolution, and
calculates emissions,meteorology and concentrations in this grid region
(Slørdal et al., 2013). The model domain spans 28 km in the East–West
direction and 22 km in the North–South direction, covering most of
Oslo municipality, as well as part of the neighbouring municipality
(i.e. Bærum; Fig. 1). The dispersion model EPISODE has, in addition, a
sub-gridmodelwhich treats roads as line sources giving an extra contri-
bution along the road network and capturing the high concentration
gradient near the source. The EPISODE dispersion model has been
used for a large number of applications, including forecasting systems
for ﬁve city regions in Norway (e.g. Ødegaard et al., 2013; Bedre
byluft, 2014).
Trafﬁc emissions are generated using trafﬁc information on all roads
in Oslo from the Norwegian road administration's database (NVDB),
which contains information on the annual average daily trafﬁc (ADT),
the speed limit, the heavy duty fraction of the trafﬁc and information
about the roads (e.g. slope and location). The ADT is used, in combina-
tion with a daily cycle of trafﬁc, to generate hourly trafﬁc numbers for
all roads. For verifying the ADT, speciﬁc trafﬁc-counting was performed
at the road side in this study, and led to minor changes for several road
links. Themain discrepancieswere related to the city streets for the total
ADT and the HDV fraction. The trafﬁc-counting indicated that the
Fig. 1. Model domain and modelled average acetaldehyde concentration ﬁelds under winter conditions (October 2009 to March 2010) in the area of Oslo, where A) Road Network,
(B) Baseline Scenario and C) E85-ﬂeet scenario are shown.
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pose. Usually, detailed information on speed and slope aswell as vehicle
ﬂeet, such as fraction in each emission class (i.e. EURO classiﬁcation)
and fuel type, are used together with EFs and the hourly fractions of
ADT to estimate exhaust emissions on each road segment. However,
for acetaldehyde, the existing limitations concerning available informa-
tion on the EFs has led us to only use the ADT and the heavy duty fraction
and to consider the division in 2 main vehicle groups: 1) Passenger cars
and light duty vehicles and 2) heavy duty vehicles and buses. The existing
E95 bus line has been treated separately.
The main known source of acetaldehyde in Oslo is trafﬁc, however
emissions from wood burning has also been included in the modelling.
The wood burning EF for acetaldehyde was assumed to be 0.34 g kg−1
wood which is about 1/3 of the EF used for NOx (McCrillis, 2000;
McDonald et al., 2000). Wood consumption data is available, spatially
distributed on small administrative areas, and with a time variation of
week, weekday and hour. For Oslo these data are also divided into con-
sumption according to different technologies such as newer clean-
burning stoves, older stoves and open ﬁreplaces. The consumption
data are based on questionnaires and studies performed by Statistics
Norway (SSB) and are used with the EF to get hourly wood burning
emissions as gridded data.
For background concentrations, the annual acetaldehyde average
concentration (0.6 μgm−3) from a regional background station situated
in the south of Norway (i.e. Birkenes) is used. This is likely to be an un-
derestimation of the background concentration for the model domain,
as activities in the larger Oslo regionwill likely contribute to ambient ac-
etaldehyde concentrations entering at the border of the modelled area.
2.3. Emission factors for vehicles
To our knowledge, relatively few emission studies exist in the scien-
tiﬁc literature looking into bioethanol emissions, and those existing
only include a few vehicle types, leading to high uncertainties and, for
some components (e.g. NOx), even inconsistencies (Kousoulidou
et al., 2008). Studies addressing emissions of acetaldehyde associated
with bioethanol combustion are even fewer. However, enough studies
have been performed to show that acetaldehyde emissions statistically
increase when introducing ethanol in petrol, and values up to 500%
increase for E85 have been reported (Reading et al., 2002; Graham
et al., 2008).
Different acetaldehyde EFs forwinter conditions have been selected in
our study for LDV and HDV running on petrol, diesel and E85-bioethanol
(Table 1). Since Oslo has quite cold winter conditions, the EF for petrol
and diesel vehicles in the baseline scenario is assumed to be 10 times
higher than that for summer conditions, including also urban and more
congested driving. Based on the evaluation of available literature we
decided to use the same acetaldehyde EF for diesel and petrol LDVs and
passenger cars to be around 0.005 g km−1 (Table 1), independent of
age, mileage, or Euro classiﬁcation. This EF is twice as high than the one
used by Fridell et al. (2010) for petrol vehicles (i.e. 0.0025 g km−1) and
year round, independent of summer or winter conditions, and it is three
times lower than the acetaldehyde EF for diesel vehicles reported by
Kristensson et al. (2004), which is of about 0.015 g km−1. Even thoughTable 1
Acetaldehyde emission factors (EFs) selected for themodelling activities. E95 bus* represents
the range of emission factors estimated from the measurements carried out under driving
conditions.
Vehicle Fuel Acetaldehyde EF (g km−1)
Light duty vehicle (LDV) Petrol 0.005
Diesel 0.005
E85 0.03
Heavy duty vehicle (HDV) Diesel 0.03
E95 bus* 0.9–6.5
E85 0.8higher acetaldehyde EFs exist in the literature for petrol and diesel
vehicles, we consider that our baseline scenario may be slightly
overestimated. On the other hand, the E85-ﬂeet scenario has been de-
signed following a conservative approach and therefore underestimated
results are expected.
For the E85-ﬂeet scenario, characterized for a complete vehicle ﬂeet
running on E85-bioethanol blend, EFs for LDVs running on E85were con-
sidered based on factors published in the literature (e.g. 0.008 g km−1
by Karman, 2003; 0.03 g km−1 by Fridell et al., 2010) and the ratio
found between emissions fromE0 andE85 fuels. Several studies reported
acetaldehyde emissions for E85 more than 40 times higher than for E0
(Karman, 2003; Graham et al., 2008; Fridell et al., 2010). Based on this
ratio, and taking into account that the EF for petrol vehicles was selected
to be around 0.005 g km−1, the result would be an acetaldehyde EF of
about 0.2 g km−1. As indicated in Table 1, an acetaldehyde EF of about
0.03 g/km was selected for LDVs running on E85, in accordance with
the acetaldehyde EF used in other modelling studies (e.g. Fridell et al.,
2010).
For HDVs, even scarcer data are to be found, but they show naturally
larger emissions than for light vehicles. For instance Ban-Weiss et al.
(2008) reported about 6 times larger emissions for HDV compared to
LDV. Hence, in the lack of more information on acetaldehyde emissions
fromHDV,we have used the relationship established by Ban-Weiss et al
(2008) to obtain EFs for all heavy duty vehicles including buses running
on standard diesel. The acetaldehyde EF for HDV running on diesels was
then assumed to be 0.03 g km−1 (Table 1) based on a factor of 6 over the
EF selected for LDV (i.e. 0.005 g km−1).
For the high blend bioethanol fuelled buses there are no published
measurements for acetaldehyde emissions. Taking into account the
E85 to E0 emission ratio for LDV from Ban-Weiss et al. (2008) and
Karman (2003), and the factor of 6 for HDV emissions regarding those
from LDV, EFs for HDV tend to vary between 0.08 and 0.13 g km−1. Ad-
ditionally, acetaldehyde EF for the E95 bioethanol bus and relative to
CO2 was estimated based on the online monitoring carried out with a
proton-transfer-reaction time-of-ﬂight (PTR-TOF) mass spectrometer
during driving conditions and published elsewhere (López-Aparicio
and Hak, 2013). Time-integrated emissions of acetaldehyde and CO2
(ppm ∗min) were derived for each 5 minute period of the total driving
(i.e. 1 h and 20min) and the acetaldehyde to CO2 emission ratiowas de-
termined (i.e. ΔVOC/ΔCO2, g/g). EFs for acetaldehyde were estimated,
based on a published CO2 EF (i.e. 1 090 g km−1; from TRANSPHORM
project, 2014) and the derived emission ratio (ΔVOC/ΔCO2), to range
between 0.9 and 6.5 g/km, depending on driving conditions (e.g. free
ﬂow, idling conditions). An acetaldehyde EF of about 0.8 g km−1 has
been considered in our study (Table 1) for the dispersion modelling of
acetaldehyde emitted from E95 bioethanol buses, and therefore for all
HDV running on E85 in the E85-ﬂeet scenario. This value is in the
lower range of the EFs estimated from the measurements. Contrary to
the baseline scenario and the EF for petrol and diesel fuels, we do not in-
crease the emissions and thus the EF due to cold outdoor temperatures
for high bioethanol fuel, neither for light or heavy vehicles. This is done
mainly because of the lack of studies looking into this aspect as well as
the mentioned conservative approach.
3. Results and discussion
3.1. Emissions
The modelling results are highly dependent on the input data and
especially on the emission factors. To compare the scenarios deﬁned
in our study and to discuss uncertainties we have estimated total acet-
aldehyde emissions from all sources.
Emissions of acetaldehyde in the baseline scenario were estimated
and the contributions of different sources established; LDV running on
both petrol and diesel was found to be the main contributor with 42%
to total emissions of acetaldehyde in Oslo area (Fig. 2), closely followed
Fig. 2. Contribution of acetaldehyde emission sources to total emissions for the baseline
(A) and E85-ﬂeet scenarios (B). LDV: light duty vehicle; HDV: heavy duty vehicle.
Table 2
Summary of modelled acetaldehyde concentration (μg m−3) obtained for the total model
domain and in a receptor point for both scenarios.
Scenarios
Modelled values (μg m−3) Baseline E85-ﬂeet
Total model domain
Maximum hourly value 10.4 116.28
Highest grid value 1.2 8.04
Receptor point (Sannergata)
Maximum hourly value 8.4 61.67
Maximum grid value 8.23 61.02
Average grid 1.16 5.45
Winter average 1.3 5.97
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on diesel (22%). The E95 bioethanol bus line barely contributes 1% to
total acetaldehyde emissions, which is understandable as the E95 bus
line in Oslo consists of merely 21 buses. With a full implementation of
a high-ethanol blend, LDVs are also the main contributor to total emis-
sions of acetaldehyde, although this time the LDV contribution reaches
about 78% of total emissions. HDVs running with bioethanol and wood
burning contribute similarly 12 and 10%, respectively, to total emissions
of acetaldehyde. The emission calculation shows an increase of about
233% for acetaldehyde for the E85-ﬂeet scenario (i.e. 60 tons in
6 months) relative to the baseline (i.e. 18 tons in 6 months) representing
the current situation. The acetaldehyde emission increase is lower
than that reported by Fridell et al. (2010) who established an
increase of 770% for acetaldehyde from a petrol scenario to an E85
scenario. The result from our study is obtained by means of a conserva-
tive approach, which is deﬁned by an EF for acetaldehyde for HDV of
about 0.8 g km−1. The EF estimated from the measurements carried
out from an E95 bus during driving conditions ranged from 0.9 and
6.9 g km−1. Taking into account 6.9 g km−1 as EF for acetaldehyde
emissions for HDV and thus deﬁning an extreme emission scenario,
total acetaldehyde emissions reach 108 tons in 6 months, involving an
increase of about 500% regarding the baseline scenario. This result is
closer to that reported by Fridell et al. (2010) and supports a previous
study where 500% increase of acetaldehyde emissions was reported
for fuel blends over 70% ethanol (Reading et al., 2002).
3.2. Acetaldehyde concentrations
Results from the dispersion calculations for the baseline and E85-ﬂeet
scenarios are shown in Fig. 1, alongwith themodel domainwith the road
network. Acetaldehyde concentration levels for the baseline scenario,
representing the current situation in Oslo, are generally low, and closeto the background level of about 0.6 μg m−3 in a large part of the model
domain. Areas in the city centre, close to the E95 bus line (i.e. at that
time line 21) and roads with large trafﬁc density (i.e. E6 and E18;
Fig. 1), show higher concentrations and the highest grid value is about
1.2 μg m−3 for 6 month average and 10.4 μg m−3 as the maximum
acetaldehyde hourly value (Table 2). Using gridded population informa-
tion according to home addresses, the population weighted average
concentration is about 0.95 μg m−3.
At the roadsides, concentrations are higher due to closeness to
the source. For instance for the baseline scenario, hourly modelled
acetaldehyde concentration at roadside for a receptor point at a street
(i.e. Sannergata) located along the E95 bus line is shown in Fig. 3. The
modelled concentration has a period average of about 1.3 μg m−3 and
a maximum hourly value of about 8.4 μg m−3, and grid values covering
the same location reach 1.16 μg m−3 and 8.23 μg m−3, respectively
(Table 2). The road side increment, estimated as grid average versus
road side, for Sannergata is hence 12% for the average and 2% for the
maximum hourly value. Sannergata is situated in the inner city and
with a registered ADT of 10000 vehicles. For other locations along
side roads in less polluted areas, this increment is relatively larger.
A full implementation of bioethanol as fuel (E85-ﬂeet scenario) in-
volves higher modelled acetaldehyde concentration values than for
the baseline, reaching a maximum grid value of about 8.04 μg m−3 as
winter average (Fig. 1 and Table 2). The population weighted gridded
average concentration is 3.80 μg m−3, which means a 300% increase
regarding the baseline. This may be of certain concern for human health
as at average ambient concentration of 5 μg m−3, the increased chance
of developing cancer due to exposure to acetaldehyde is 1 in 100000
(US EPA, 1999). Based on our results, 28% of the urban population in
Oslo would be living in an area with winter average concentration
above 5 μg m−3 under full implementation of bioethanol as fuel for
transport.
In the E85-ﬂeet scenario, the period average and maximum hourly
acetaldehyde levels for the roadside location Sannergata are of about
5.97 μg m−3 and 61.67 μg m−3, respectively (Table 2), demonstrating
a 350% and 650% increase regarding the baseline scenario. The concen-
tration increases for a full implementation of a high-bioethanol blend
are exceptionally high compared with other studies. Fridell et al.
(2010) obtained an increase of acetaldehyde levels up to 80% in the cen-
tral part of the urban area in Gothenburg, 10% for other urban areas and
less than 10% for rural areas. These ambient concentration increases
seem very low considering the acetaldehyde emissions increase of
about 770% reported by the same authors (Fridell et al., 2010). In our
total model domain and under E85-ﬂeet conditions, the highest grid
value is found to be of about 8.04 μg m−3 and the maximum hourly
acetaldehyde is modelled to be of about 116.28 μg m−3 (Table 2).
Exceptionally high levels of acetaldehyde have also been recorded at
locations where the use of ethanol vehicles is widespread. Brazil, for in-
stance, is one of these locations (Anderson, 2009). Over 4 million LDVs
in someBrazilian sites use hydrated ethanol. Ambient levels of acetalde-
hyde have been reported to be between 4 and 82 μg m−3 in Rio de
Fig. 3.Modelled hourly acetaldehyde concentration at a roadside in Oslo (i.e. Sannergata)
in the baseline (A) and E85-ﬂeet (B) scenarios.
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addition to the photochemical oxidation of organic compounds
(Corrêa et al., 2003).
Model validations are difﬁcult for acetaldehyde as there are no
available continuous measurements for this compound. However in
López-Aparicio and Hak (2013), some indicative measurements of
ambient acetaldehyde concentrations were performed. The measure-
ments represent 1.5 hour averages at six sites, four exposed and two
non-exposed to the circulation of E95-bioethanol buses, obtaining
higher concentrations at the locations exposed to the E95 bus-line.
The acetaldehyde average concentration of the two non-exposed sites
is about 6.9 μg m−3, while the average of the four exposed sites is
9.6 μg m3, involving around 2.7 μg m−3 increment, nearly 40% increase.
Ifwe compare this incrementwith that observed from themodelling re-
sults to evaluate the road contribution (i.e. grid average versus road
side), it seems that themodel results show lower increases, for instance
at the receptor point in Sannergata where an increase of about 12% is
observed. However, acetaldehyde concentration levels are similar at
the same street, where the measured value was about 8.7 μg m−3 and
the maximum modelled hourly values at the baseline scenario are
about 8.4 μg m−3.
Differences between modelled results and measurement results may
be expected as model scenarios were designed for winter conditions and
the measurements were carried out in May, when temperatures are
higher and the contribution from wood burning is not existing. Based
on these differences, we would expect modelled concentrations during
winter to show larger values than the indicative measurements showed,
however this is not the case. In order to shed light on the understanding
of this difference, a onemonthmodel calculationwas performed forMay
2011, when measurements took place. The model calculation was per-
formed with the same EFs as the winter calculations for both scenarios,
resulting in month average concentrations at Sannergata of about
0.93 μg m−3 and 2.86 μg m−3, respectively for May 2011. These values
represent approximately half of the average concentration levels ob-
tained for winter and mainly due to the meteorology with less stable
conditions. The maximum hourly acetaldehyde concentration at
Sannergata for the baseline scenario and May dispersion conditions is
about 3.09 μg m−3, less than 1/3 of the indicative measurements (i.e.8.7 μg m−3). Even though one cannot put too much emphasis on
these comparisons due to the fact that very few measurements are
available, and due to differences in time and duration, these compar-
isons do raise some questions. For instance, if there are additional
acetaldehyde sources which were not considered in the modelling
activities, such as acetaldehyde from the oxidation of evaporative
emissions of ethanol or as results of photochemical oxidation of organic
compounds, or the background levels considered in this study are
slightly low. Moreover, acetaldehyde EFs reported in the literature are
scarce, adding additional uncertainties. The emission measurements
performed in López-Aparicio and Hak (2013) did indicate larger EF for
the E95 bioethanol bus (i.e. 0.9–6.5 μg m−3) than the one applied
here (i.e. EF=0.8 μgm−3) for HDVs. In this study, wewould like to em-
phasise the need of research for the determination of emission factors
for non-regulated compounds in order to contribute to a better under-
standing of their emissions from biofuel combustion, and reduce uncer-
tainties as it has been previously pointed out by other authors (Cook
et al., 2011).
4. Conclusions
The results obtained in our study show that the use of alternative fuels
such as bioethanol needs to be evaluated with respect to the potential
effects on urban air quality. The main outcome from air dispersion
modelling shows that a full implementation of high blended
bioethanol (E85) as fuel for transportation involves an acetaldehyde
emission increase of about 233% and 500%, based on a conservative
approach (i.e. acetaldehyde EF = 0.8 g km−1) or extreme emission
approach (i.e. acetaldehyde EF = 6.9 g km−1), respectively. By
shifting fuels from the current situation characterized by petrol and
diesel vehicles to an E85-ﬂeet scenario, the acetaldehyde ambient
concentration increases by up to 650%, involving that around 28% of
the urban population will be exposed to a winter concentration level
above 5 μg m−3, implicating a certain risk for human health. From a
methodological point of view, the E85-ﬂeet scenario developed in this
study may be considered conservative, giving rise to potentially
underestimated results. Uncertainties associated with the emission
factors exist and the need for additional research is emphasized.
Acknowledgements
This study was made possible thanks to the ﬁnancial support of the
Norwegian Research Council (208275/F40). Special thanks to Claudia
Hak for the support during the trafﬁc counting and helpful comments
to the manuscript; Armin Wisthaler for the support in the determina-
tion of the emission factor for acetaldehyde; and Dam Vo Than for the
help in the visualization of the results.
References
Anderson LG. Ethanol fuel use in Brazil: air quality impacts. Energy Environ Sci 2009;2:
1015–37.
Balat M, Balat H. Recent trends in global production and utilization of bio-ethanol fuel.
Appl Energy 2009;86:2273–82.
Ban-Weiss GA, McLaughlin JP, Harley RA, Kean AJ, Grosjean E, Grosjean D. Carbonyl and
nitrogen dioxide emissions from gasoline and diesel poweredmotor vehicles. Environ
Sci Technol 2008;42:3944–50.
Bedre byluft 2014 Luftkvalitet i Norge. http://www.luftkvalitet.info/home/forecast.aspx.
[Accessed in April 2014].
Cook R, Phillips S, Houyoux M, Dolwick P, Mason R, Yanca C, et al. Air quality impacts of
increased use of ethanol under the United States' Energy Independence and Security
Act. Atmos Environ 2011;45:7714–24.
Corrêa SM, Martinsa EM, Arbillaa G. Formaldehyde and acetaldehyde in a high trafﬁc
street of Rio de Janeiro, Brazil. Atmos Environ 2003;37:23–9.
Fridell E, Haeger-Eugensson M, Moldanova J, Tang L, Sjöberg K, Forsberg B. A comparison
of emissions from ethanol and petrol fuelled cars. Health risk assessment for Västra
Götaland. IVL Report B1962. Stockholm Sweden: IVL - Swedish Environmental Re-
search Institute; 2010.
Gaffney JS, Marley NA. The impact of combustion emissions on air quality and climate:
from coal to biofuels and beyond. Atmos Environ 2009;43:23–36.
106 I. Sundvor, S. López-Aparicio / Science of the Total Environment 496 (2014) 100–106Ginnebaugh DL, Jacobson MZ. Examining the impacts of ethanol (E85) versus gasoline
photochemical production of smog in a fog using near-explicit gas- and aqueous-
chemistry mechanisms. Environ Res Lett 2012;7:1–8.
Ginnebaugh DL, Liang JY, Jacobson MZ. Examining the temperature dependence of ethanol
(E85) versus gasoline emissions on air pollution with a largely-explicit chemical mech-
anism. Atmos Environ 2010;44:1192–9.
Graham LA, Belisle SL, Baas CL. Emissions from light duty gasoline vehicles operating on
low blend ethanol gasoline and E85. Atmos Environ 2008;42:4498–516.
Jacobson MZ. Effects of ethanol (E85) versus gasoline vehicles on cancer and mortality in
the United States. Environ Sci Technol 2007;41:4150–7.
Karman D. Ethanol fuelled motor vehicle emissions: a literature review. Health Canada:
Air health effects division; 2003 [http://www.scribd.com/doc/38619078/Ethanol-
Fuelled-Motor-Vehicle-Emissions].
Kousoulidou M, Fontanas G, Mellios G, Ntziachristos L. Effect of biodiesel and bioethanol
on exhaust emissions. European Topic Centre on Air Pollution and Climate Change,
ETC/ACC Technical Paper 2008, 5. ; 2008.
Kristensson A, Johansson C, Westerholm R, Swietlicki E, Gidhagen L, Wideqvist U, et al.
Real-world trafﬁc emission factors of gases and particles measured in a road tunnel
in Stockholm, Sweden. Atmos Environ 2004;38:657–73.
Ligocki MP, Whitten GZ. Atmospheric transformation of air toxics: acetaldehyde and
polycyclic organic matter. Systems Applications International, San Rafael, California
(SYSAPP-91/113); 1991.
López-Aparicio S, Hak C. Evaluation of the use of bioethanol fuelled buses based on ambient
air pollution screening and on-road measurements. Sci Total Environ 2013;452–453:
40–9.
McCrillis RC.Wood stove emissions: particle size and chemical composition. U.S. Environ-
mental Protection Agency; 2000 [EPA-600/R-00-050].
McDonald JD, Zielinska B, Jujita EM, Sagebiel JC, Chow JC, Watson JG. Fine particle and
gaseous emission rates from residential wood combustion. Environ Sci Technol
2000;34-11:2080–91.Ødegaard V, Gjerstad KI, Slørdal LH, Abildsnes H, Olsen T. Bedre byluft. Prognoser for
meteorologi og luftkvalitet i norske byer vinteren 2011–2012. Oslo: Meteorologisk
institutt; 2013 [(met.no report, 10/2013) (In Norwegian)].
Oftedal B, Walker SE, McInnes H. Can the AirQUIS model be used to study health
effects of air pollution? Description and evaluation of the model. Eur J Pub Health
2004;106:4.
Reading A, Norris J, Feest E, Payne E. Bioethanol emissions testing. AEA technology E&E/
DDSE/02/021; 2002.
Scacchi CCO, González-García S, Caserini S, Rigamonti L. Greenhouse gases emissions and
energy use of wheat grain-based bioethanol fuel blends. Sci Total Environ 2010;408:
5010–8.
Seinfeld JH, Pandis SN. Atmospheric chemistry and physics— from air pollution to climate
change. New York: John Wiley & Sons; 2000.
Slørdal LH, Walker SE, Solberg S. The urban air dispersion model EPISODE applied in
AIRQUIS2003. Technical description. NILU technical report 12/2003. Kjeller,
Norway: NILU - Norwegian Institute for Air Research; 2013.
TRANSPHORM project “Transport related air pollution and health impacts — integrated
methodologies for assessing particulate matter”. http://www.transphorm.eu.
[Accessed in February 2014].
US EPA. Integrated Risk Information System (IRIS) on acetaldehyde. Washington, D.C.:
National Center for Environmental Assessment, Ofﬁce of Research and Development;
1999.
Westerholm R, Ahlvik P, Karlsson HL. An exhaust characterisation study based on regulated
and unregulated tailpipe and evaporative emissions from bi-fuel and ﬂex-fuel light-
duty passenger cars fuelled by petrol (E5), bioethanol (E70, E85) and biogas tested at
ambient temperatures of+22 °C and 7 °C. Report to the Swedish Road Administration;
2008.
Whitney K, Fernandez T. Characterization of cold temperature VOC and PM emissions
from ﬂex fuel vehicles operating on ethanol blends. 17th CRC on road vehicle emis-
sions workshop; 2007.
